The flagellar motor is an important virulence factor in infection by many bacterial pathogens. Motor function can be modulated by chemotactic proteins and recently appreciated proteins that are not part of the flagellar or chemotaxis systems. How these latter proteins affect flagellar activity is not fully understood. Here, we identified spermidine synthase SpeE as an interacting partner of switch protein FliM in Helicobacter pylori using pull-down assay and mass spectrometry. To understand how SpeE contributes to flagellar motility, a speE-null mutant was generated and its motility behavior was evaluated. We found that deletion of SpeE did not affect flagellar formation, but induced clockwise rotation bias. We further determined the crystal structure of the FliMSpeE complex at 2.7 Å resolution. SpeE dimer binds to FliM with micromolar binding affinity, and their interaction is mediated through the b1' and b2' region of FliM middle domain. The FliM-SpeE binding interface partially overlaps with the FliM surface that interacts with FliG and is essential for proper flagellar rotational switching. By a combination of protein sequence conservation analysis and pull-down assays using FliM and SpeE orthologues in E. coli, our data suggest that FliM-SpeE association is unique to Helicobacter species.
Introduction
Formation of functional flagellum is essential for the motility of many microorganisms. The flagellum consists of three parts: filament, hook and basal body (Chen et al., 2011) . The basal body is located at the bottom of the flagellum, and is further divided into several substructures that span the outer membrane, peptidoglycan layer and inner membrane (Sowa and Berry, 2008; Chen et al., 2011) . The cytoplasmic ring (C-ring) of the basal body, also known as the motor switch complex, is a multifunctional nanorotary device necessary for flagellar export, torque generation, and rotational switching. In H. pylori, the switch complex is composed of FliG, FliM, FliN and FliY oligomers . Torque generation for flagellar rotation is driven by proton motive force and the interaction between MotA/MotB stator unit and FliG (Nguyen and Saier, 1996; Zhou et al., 1998; Yakushi et al., 2006) . Regulation of rotational switching between clockwise (CW) and counter-clockwise (CCW) is mediated by binding of phosphorylated chemotactic response regulator CheY (CheY-P) to FliM and FliN. CheY-P is generated by a signal transduction system from environmental signals. It is believed that binding of CheY-P to FliM alters the conformation of the FliG C-terminal domain, which in turn interacts with the MotA subunit of the stator (Morimoto et al., 2013) . Accumulated structural studies using x-ray crystallography and cryo-electron microscopy suggest that the core structure of flagellar motor is highly conserved across bacterial species, although each species has distinct structure features and variations in protein-protein interactions (Lam et al., 2010 (Lam et al., , 2013 Chen et al., 2011; Sircar et al., 2013; Beeby et al., 2016) .
An evolving idea in flagellar motor regulation is the idea that non-flagellar/chemotaxis proteins can contribute to flagellar motor activity by modifying protein-protein interactions in the switch complex. In support of this idea, diverse protein partners of the switch complex members have been reported. These proteins interact directly with the switch protein and provide a rapid and reversible mechanism to modulate the motor function. For example, the Salmonella enteritidis protein YcgR interacts strongly with FliG and FliM when bound to cdi-GMP. YcgR binding reduces FliG-MotA interaction, and consequently CCW motor bias results (Paul et al., 2010; Zorraquino et al., 2013) . In Bacillus subtilis, EpsE interacts with FliG and acts as a molecular clutch of flagellar rotation (Blair et al., 2008; Guttenplan et al., 2010) . In Escherichia coli, two proteins, H-NS and fumarate reductase, act on FliG and function as a rotation speed enhancer and a clockwise switching factor respectively (Donato and Kawula, 1998; Cohen-BenLulu et al., 2008; Singh et al., 2014) . These results suggest that diverse proteins can interact at the level of the flagellar switch and cause a variety of outcomes. Additionally, findings to date suggest that different bacterial species may use unique mechanisms for motor regulation.
Helicobacter pylori is the most common bacterial pathogen found in the human stomach (Montecucco and Rappuoli, 2001; Bik et al., 2006; Salama et al., 2013) . Infection by H. pylori may lead to diseases such as gastritis, peptic ulcer, duodenal ulcers, mucous associated lymphoid tissue, lymphoma and gastric cancer (Covacci et al., 1999; Atherton, 2006; Stein et al., 2013; Georgopoulos et al., 2013) . For efficient colonization and infection of the gastric mucosa, H. pylori relies on flagellar motility (Keilberg and Ottemann, 2016) . In this study, we identified a new interacting partner of H. pylori FliM, the spermidine synthase protein SpeE. Through a combination of molecular genetics, behavioral analyses, and structural biology approaches, we demonstrate that SpeE is essential for wild-type flagellar motor behavior and may act as a factor that promotes a counterclockwise bias. Our SpeE-FliM co-crystal structure suggests that SpeE may interfere with the interaction of FliM with FliG. Our results suggest that a new class of proteins, exemplified by SpeE, participates in flagellar motor control in a subset of bacterial species.
Results

Identification of spermidine synthase SpeE as an interacting partner of FliM
In the present study, we applied in vitro pull-down assay to isolate FliM interacting partners. Since H. pylori fulllength FliM overexpressed in E. coli system was mainly found in the insoluble fraction, the middle domain of FliM (FliM M ), which is soluble (Lam et al., 2013) , was used. Purified GST-tagged FliM M was immobilized on glutathione sepharose and incubated with the lysate from H. pylori fliM-null strain. After washing, bound proteins were analyzed by SDS-PAGE (Fig. 1A) . Compared with the control experiment using GST as bait protein, an extra band with molecular weight of about 28 kDa was detected (Fig. 1A) . This potential FliM M interacting protein was identified as spermidine synthase SpeE (gi|208434746 in G27, corresponding to HP0832 in strain 26695) by mass spectrometry, with Confidence Interval C.I. equals to 100%. The mapped peptides are listed in Supporting Information Table S1 . To validate our pull-down assay, we also detected the presence of FliG, one of the FliM interacting partners, in the pulldown product (Supporting Information Fig. S1 ).
To further confirm the interaction between FliM M and SpeE, H. pylori SpeE was cloned and purified to homogeneity. Purified FliM M and SpeE were mixed in a molar ratio of 1:1, followed by size exclusion chromatography. A protein complex of larger size was obtained when both proteins were mixed (Fig. 1B) . With reference to the elution profile and the protein band intensity on the SDS-PAGE gel, it is likely that the binding of FliM M and SpeE was in a stoichiometric ratio of 1:2.
In order to demonstrate the relevance of FliM-SpeE interaction in H. pylori, we generated two recombinant full length FliM constructs; one fused with a N-terminal His-TF tag and the other with a His-SUMO tag. By using a cold shock expression system (Mitta et al., 1997) , the protein solubility of His-TF-FliM and His-SUMO-FliM was improved. This allowed us to examine the direct interaction of full length FliM and SpeE using pull-down experiment. From the Western blotting results in Fig. 1C , SpeE was detected in the pull-down product. Additionally, we combined the use of in vivo crosslinker [dithiobis(succinimidyl propionate)] (DSP) with co-immunoprecipitation to examine the complex formation of FliM and SpeE in H. pylori. DSP contains an NHS-ester at each end and a cleavable disulfide bond in its 12 Å spacer arm. After crosslinking and immunoprecipitation, the presence of SpeE in the anti-FliM precipitate indicated the association of FliM and SpeE in vivo (Fig. 1D ). Taken together, these results imply that the identification of SpeE as a FliM interacting protein has in vivo relevance.
SpeE is required for normal motor function
We next investigated whether SpeE isolated from the in vitro pull-down experiment has any biological significance to flagellar system. We therefore constructed an isogenic speE-null mutant in H. pylori G27. Interruption of speE in the constructed strain was confirmed by PCR and Western blotting. We also verified that gene HPG27_790 downstream of speE was unaffected using reverse transcription-PCR (Supporting Information Fig.  S2 ). The effect of SpeE on flagellar formation was first examined by transmission electron microscopy. The percent of flagellated cells in the wild-type strain (73 out of 97 cells) and speE-null strains (65 out of 91 cells) are comparable. In addition, the flagella were similar in appearance ( Fig. 2A) . Taken together, these results suggest that interruption of speE has no detectable effect on flagellation. Since most of recently reported motorinteracting proteins modulate motor function instead of flagellation, we then characterized the bacterial motility of the wild-type strain and speE-null mutant by soft agar assay. After 7-days of incubation on 0.35% soft agar plates, the migration diameter of wild type strain was 25.3 6 1.2 mm (n 5 12), while that of speE-null strain was 22.7 6 1.1 mm (n 5 12) (Fig. 2B) . The results suggest that bacterial motility was impaired when speE was eliminated (p < 0.01). We further calculated the diffusion coefficient of each bacterial strain by fixed-time diffusion analysis Lam et al., 2012) . Diffusion coefficient a reflects whether the bacteria have any bias in rotational switching under the tested condition. The a value of a tumbling bacterium will be close to 1, while for a running bacterium its a value will be close to 2. From the results, the a value of wild type strain was 1.6135 6 0.0196 (n 5 105), while that of speE-null strain was 1.5173 6 0.0152 (n 5 107) (Fig.  2C) . The a value of speE-null strain is significantly A. G27 fliM-null lysate was subjected to GST pull-down assay using GST-FliM M . The extra band in the SDS-PAGE was identified as SpeE by mass spectrometry. Control experiment was set using GST. B. Purified FliM M , SpeE and their mixture were subjected to the gel filtration using Superdex 75. Compared with individual proteins, there is a peak shift for the mixture. The peak fraction eluted at 45 ml was analyzed by SDS-PAGE, and shown to contain FliM M and SpeE. C. Pull-down assay using purified full length FliM and purified SpeE. His-TF-FliM or His-SUMO-FliM was first immobilized on Ni-NTA beads before addition of SpeE. The presence of SpeE in the pull-down product was detected by western blotting using anti-SpeE antibody. Control experiments were set using His-TF and His-SUMO. D. In vivo interaction of FliM and SpeE revealed by crosslinking and co-immunoprecipitation. H. pylori cells were first treated with crosslinker DSP prior to cell lysis. Immunoprecipitation was performed using anti-FliM antibody, followed by western analysis with anti-SpeE antibody. Control experiment was set without addition of anti-FliM antibody in immunoprecipitation. Crosslinked samples were treated with 50 mM DTT to cleave the spacer arm of DSP before SDS-PAGE. smaller than that of wild type strain (p < 0.01). This finding suggests that loss of speE results in a tumble-bias in H. pylori. Since bacteria tumbles when the rotor rotates in a clockwise (CW) direction, our data indicated that deletion of speE led to CW bias.
We next analyzed whether speE mutants retained the ability to respond to chemo-attractant and repellent using supplemented soft agar chemotaxis assay (Sanders et al., 2013) . In this experiment, attractant (10 mM Urea) (Mizote et al., 1997) or repellent (3.4 mM HCl) (Croxen et al., 2006) were added into the soft agar before dotting the wild type or speE-null strains. Bacterial motility in the presence of chemo-attractant and chemo-repellent was monitored by measuring the migration diameter after 7-days. Similar to previous reports, the migration diameter of wild-type strain decreased when bacteria cells were grown on attractant-containing agar (Sanders et al., 2013) . In contrast, the migration diameter increased in the presence of repellent. Response of speE-null strain to attractant Urea and repellent HCl was comparable to that of the wild type, suggesting that SpeE has no association with chemotactic responses (Fig. 2D ).
Crystal structure of FliM M -SpeE complex
To understand the molecular basis underlying the functional role of SpeE in flagellar motor regulation, we determined the crystal structure of H. pylori FliM M -SpeE complex at 2.7 Å resolution. Phase determination by molecular replacement was achieved using the SpeE dimer (PDB ID: 2CMG) and the FliM M monomer from H. pylori (PDB ID: 4GC8) as search models. In our crystal, there are two FliM M -SpeE complexes per asymmetric unit and each complex consist of one FliM M and one SpeE dimer (Fig. 3A) . All symmetry molecules of FliM M and SpeE are nearly identical with RMSD Ca 0.24 Å and 0.41 Å respectively. FliM M adopts a CheC-like fold with two ababba repeats connected by an a3-a1' loop, as seen previously (Lam et al., 2013) . Each SpeE monomer consists of three domains: a N-terminal bstrand domain, a catalytic core domain and a C-terminal a-helix domain. The structures of SpeE-bound FliM M and FliM-bound SpeE dimer resemble their respective apo forms with RMSD Ca 5 0.388 Å and 0.411 Å respectively, implying that their binding does not induce significant structural changes.
The binding surface on FliM M for SpeE spans across b1 0 and b2 0 region, whereas the binding surface on (Fig. 3B) . Specifically, residues D148, E183, S184, Q190 from FliM M , and R12, E14, K20, R25, R47 and K105 from SpeE contribute to hydrogen bond formation. Residues E14 in both SpeE subunits are involved in hydrogen bond formation with Q190 in FliM. The roles of these residues in complex formation were tested by site-directed mutagenesis. SpeE mutants R12A, E14A, K20A, R25A, R47A and K105A were constructed for pull-down assay using GSTFliM M . The results showed that FliM M -SpeE interaction was nearly abolished in SpeE mutants R12A, K20A, R25A and K105A (Fig. 3C) . Interaction of SpeE mutant E14A and FliM M was also significantly weakened. These results indicated that both the salt bridges and the hydrogen bonds are critical for a stable FliM M -SpeE complex formation.
Additionally, we characterized the binding kinetics of FliM M and SpeE by isothermal titration calorimetry (Fig.  3D) This binding mode provides the ability of ready response to the external stimuli and motility regulation in a subtle way.
Binding of SpeE to FliM M interferes FliG interaction
FliM is located in the middle part of the motor C-ring. Its N-terminal region binds to phosphorylated CheY and its middle domain interacts with FliG. Proper association of FliM and FliG is essential for rotational switching (Lam et al., 2013 
FliM M -SpeE interaction is unique in Helicobacter species
To gain insights into the conservation of FliM M -SpeE interaction among different bacterial species, sequence conservation was calculated and mapped by the ConSurf Server (Celniker et al., 2013) . Overall, the central area of the binding interface on FliM M contains moderately to highly conserved residues (Fig. 5A ), these include E183 and Q190 essential for SpeE binding as suggested by the mutagenesis study in Fig. 3C . However, the overall sequence conservation of the N-terminal domain of SpeE is low, except the tyrosine residue at position 2, whose main chain atoms form hydrogen bonds with those of Q190 in FliM M. Residues R12, E14, K20, R25 and K105 critical for FliM binding are conserved in Helicobacter species, but poorly conserved in other microbes (Fig. 5B) . We reasoned that FliM M -SpeE interaction identified in the present study may not be a common occurrence. To test this idea, we analyzed E. coli FliM M and SpeE. The structural integrity of purified E. coli FliM M was confirmed by its interaction with FliG as previously reported by our team (Lam et al., 2013) . Pull-down assays were performed by mixing different combinations of FliM and SpeE. As shown in Fig. 5C , the binding affinity of FliM M and SpeE from E. coli was nearly not detectable compared to that from H. pylori, suggesting that FliM M -SpeE association requires specific atomic interactions and is not a general phenomenon.
Discussion
In this study, we identified a novel interacting partner of FliM, putative spermidine synthase SpeE. We demonstrate that SpeE plays an important role in H. pylori flagellar motor regulation, helping to set a normal switch balance between CW and CCW rotations. Through a combination of biochemical and crystallographic studies, we further determined the crystal structure of the FliM MSpeE complex and confirmed their biophysical interaction. Our data suggests that SpeE functions as a switch modulator and is required for full motor performance in H. pylori. SpeE normally catalyzes the synthesis of spermidine, a type of polyamines critical for protein synthesis and cell growth. A functional linkage between SpeE and the flagellar system has been reported in Pseudomonas aeruginosa (Paulin et al., 1986) . In this microbe, inhibition of spermidine synthesis by dicyclohexylamine results in loss of bacterial flagellar and motility, although it is not yet known whether spermidine has a direct effect on flagellar structure or whether loss of flagella is due to general inhibition of protein synthesis. Here, our findings demonstrate an alternative regulatory mechanism contributed by SpeE. We show the direct binding of H. pylori SpeE to switch protein FliM. From our crystal structure of FliM M -SpeE binary complex, FliM-SpeE interaction occurs mainly through SpeE's N-terminal bstrand domain. The interaction strength is relatively modest, falling in the micromolar range. Furthermore, disruption of even one of the salt bridges or key hydrogen bonds can destabilize the protein complex. These data suggest that binding of SpeE to FliM may be transient in vivo. The weak association between FliM and SpeE agrees with the fact that we failed to immunoprecipitate FliM-SpeE complex from H. pylori cell lysate (data not shown). FliM-SpeE complex was obtained only when we applied in vivo crosslinker prior to coimmunoprecipitation. Nonetheless, we could readily detect a motility phenotype associated with loss of SpeE, supporting that the interaction is functional relevant.
Analysis of the binding interface on FliM further highlights the molecular basis of SpeE mediated motor regulation. Although binding of SpeE does not induce any significant FliM conformational changes, the FliM M -SpeE interface and FliM M -FliG interface partially overlap. In line with this notion, competitive pull-down assays show that SpeE interferes with the FliG-FliM M interaction. Rotational switching between CCW and CW involves alterations of FliM assembly and molecular contact between FliM-FliG at the upper C-ring (Paul et al., 2011; Lam et al., 2013) . Our group has recently found that the A. speE-null strain has normal flagellation as confirmed by negative staining. Representative images of wild type and speE-null strain are shown. Scale bar: 1 lm. B. Wild type and speE-null strains were dotted on soft agar and the swimming diameters were measured after 7-day incubation. Compared with wild type, motility of speE-null strain was suppressed. C. Swimming tracks of wild type and speE-null strains were recorded under microscope, and the diffusion coefficient a was calculated. D. Wild type and speE-null strains were dotted on soft agar supplemented with attractant (10 mM Urea), repellant (3.4 mM HCl) or plain media without any chemical. The zone diameters under each condition are indicated below the plot. B-D. Data is represented as mean 6 standard deviation. Statistically significant P value < 0.01 for (B) and (C) using Student's t test. For wild type or speE-null strains in (D), the differences are significant (P < 0.01) with or without attractant/repellent. C-terminal domain of FliM (FliM C ) interacts with the Cterminal domain of FliY (FliY C ) at the lower C-ring in H. pylori (manuscript in preparation). We also examined the effect of SpeE on FliM C -FliY C interactions by competitive pull-down assay. The results suggest that SpeE does not interfere FliM C -FliY C interaction (Supporting Information Fig. S3 ). Taken together, we propose that SpeE functions to maintain a proper balance between CCW and CW rotation through affecting FliG-FliM interaction (Fig. 6 ). When SpeE binds to FliM, the FliM-FliG interaction is perturbed, and motor rotation is biased toward the CCW default direction. In the absence of SpeE, the FliM-FliG interaction is favored, and the motor has CW bias. We do not yet know right now, however, what specific signals promote SpeE-FliM interactions for the motility regulation.
Interestingly, our recent work demonstrated that H. pylori SpeE is a pseudo-enzyme with no detectable catalytic activity in spermidine synthesis (Zhang and Au, 2017) . Analysis of H. pylori genome further suggests that similar to other human gut microbes, H. pylori may employ the alternative route of spermidine synthesis (Lee et al., 2009; Hanfrey et al., 2011) . Very likely, binding of SpeE to FliM has no functional relationship with spermidine biosynthesis. To validate the altered motility observed in speE-null strain is not due to lack of spermidine, soft agar assay with spermidine supplementation was performed (Supporting Information Fig. S4 ). The speE-null strain still migrates slower compared with wild type strain, indicating that the regulatory factor of H. pylori motility is SpeE instead of spermidine. Previous study shows that H. pylori is highly motile in log phase of growth and loses motility in decline phase (Worku et al., 1999) . The expression levels of SpeE have no dramatic changes between different growth phases (Supporting Information Fig. S5 ), indicating that 0 and b2 0 . B. The key residues on the binding interface were identified by PDBsum. Molecular surface of FliM M is colored by electrostatic potential with a contour level of 610 kT. Side chains of key residues involved in salt bridges and hydrogen bond interactions are shown as stick representation with electron density. Residues from FliM M and first SpeE molecule were colored as orange and blue respectively. E14 residue from the second SpeE molecule was colored in purple. C. Validation of FliM M -SpeE interaction by GST pull-down assay. Wild type GST-FliM M was immobilized on the beads and different SpeE mutants were loaded as prey. SpeE R12A, K20A, R25A and K105A mutants nearly totally abolish the interaction. SpeE E14A reduces the interaction over two-fold whereas R47A mutant only slightly reduces the interaction. D. Binding kinetics of FliM M and SpeE by ITC. FliM M was titrated into cell containing wild type SpeE, SpeE E14A or K105A mutant. In line with the pull-down assay, E14A partially reduces the interaction, while K105A near totally abolishes the interaction. Structure-function studies of FliM-SpeE in H. pylori 697 regulation of motor behavior by SpeE is independent of bacterial growth.
It appears that beyond chemotaxis, microbes develop their own protein repertoire to regulate motor performance. While various non-flagellar proteins target FliGstator interaction, our work presents a new model of motor regulation through binding to FliM. FliG located at the upper C-ring and FliM at the middle C-ring are well known to be critical for motor behavior. Proteins targeting FliG, such as YcgR in Salmonella and EpsE from Bacillus, allow alteration of torque generation and rotation speed (Blair et al., 2008; Guttenplan et al., 2010; Paul et al., 2010; Zorraquino et al., 2013) . However, to maintain a proper frequency of rotational switching, it is more sensible to target FliM and its interaction with FliG. Here, identification of SpeE as an interacting partner of FliM in H. pylori provides an example to demonstrate this idea. Our findings suggest that binding of SpeE to FliM mediates adjustment of CCW/CW bias. We propose that SpeE is an on-and-off binding partner of FliM for a rapid and reversible regulation of motor switching. Previous studies in E. coli reveal that FliM undergoes turnover in response to different concentrations of phosphorylated CheY (Delalez et al., 2010; Yuan et al., 2012) . While it is unclear whether H. pylori adopts similar motor adaptation, we cannot exclude the possibility that SpeE may bind to freely diffused FliM and regulate its turnover. Since little is known about the cellular concentrations of switch proteins and their affinities in the motor assembly in H. pylori, direct in vivo studies are needed in the future to elucidate the functional implications of FliM-SpeE interaction. A. Cartoon representation of FliM M -SpeE structure colored according to conservation score calculated by ConSurf Server. B. Conservation of the key residues in the FliM M -SpeE interface. Interface from FliM M contains moderately to highly conserved residues, while residues from SpeE have low sequence conservation. C. GST pull-down assay for GST-FliM M and SpeE from E. coli and H. pylori. Compared with HpFliM M -HpSpeE, the interaction is nearly not detectable for EcFliM M -EcSpeE and EcFliM M -HpSpeE.
Experimental procedures
Bacterial strains and growth conditions
Wild type G27 strain, fliM-null mutant (kind gifts from Prof. Karen Ottemann (UC Santa Cruz, CA) and speE-null mutant were cultured on Columbia Blood Agar containing 5% horse blood, or in Brucella broth with 10% fetal bovine serum albumin (BB10) at 378C for 3-4 days under microaerophilic environment (85% N 2 , 5% O 2 and 10% CO 2 ). G27 strain was initially isolated from the endoscopy biopsy specimens at Grosseto Hospital in Tuscany, Italy (Covacci et al., 1993) . FliM-null mutant strain was constructed in Ottemann's lab as described in . SpeE-null mutant was constructed in this work as described below. Chloramphenicol was added at 13 lg ml 21 for culture of mutant strains.
Generation of speE-null mutant
In order to construct speE-null strain, chloramphenicol resistance cassette cat was amplified from H. pylori fliMnull strain. The PCR product was digested with NdeI and then inserted into pGEX-speE, resulting in plasmid pGEXspeE::cat in which cat was flanked by speE gene. The speE::cat fragment was released from the pGEX-speE::cat plasmid and was further inserted into pBluescript II KS (pBS) vector at the BamHI and SalI sites, resulting into plasmid pBS-speE::cat. The sequence of the insertion was confirmed by sequencing. To overcome the restriction barrier during H. pylori transformation, plasmid pBS-speE::cat was methylated using the endogenous methylases from H. pylori cell lysate according to (Donahue et al., 2000) . The methylated plasmid was transformed into wild type H. pylori by natural transformation. Briefly, freshly cultured H. pylori was mixed with 1 lg methylated plasmids and cultured in microaerophilic environment. The cells were then transferred onto blood agar plates supplied with 13 lg ml 21 chloramphenicol. After 34 days, single colonies were picked up and sub-cultured on the new plates. This selection procedure was repeated for three rounds to get the speE-null strains. The strains were finally confirmed by PCR, immunoblotting and reverse transcription polymerase chain reaction as described in supplementary file.
Cloning, protein expression and purification
Cloning, protein expression and purification of SpeE from H. pylori (gene locus HP0832 in 26695 strain) and E. coli (B21_00119) were performed as described previously (Zhang and Au, 2017) . Full length FliM was amplified from H. pylori strain 26695 genomic DNA and cloned into expression vectors pCold-TF and pCold-SUMO (Clontech) to produce recombinant protein His-TF-FliM and His-SUMO-FliM respectively. GST-FliM M and non-tagged FliM M were purified as described previously (Lam et al., 2013) . To obtain FliM M -SpeE complex, purified non-tagged FliM M and SpeE were mixed at a molar ratio of 1:1 and incubated at 48C overnight. The mixture was then subjected to gel filtration using Superdex 75 in buffer containing 20 mM HEPES pH7.5, 150 mM NaCl, 2mM DTT. The fractions were analyzed by SDS-PAGE. The fractions containing FliM M and SpeE were pooled and concentrated to 8 mg ml 21 for crystallization experiments. For full length FliM, expression of His-TF-FliM and His-SUMO-FliM was induced by 0.2 mM IPTG in E. coli strain BL21 at 148C for overnight. The two recombinant proteins were purified using similar procedures as described (Zhang and Au, 2017) except that Ni-NTA beads were used for affinity chromatography purification.
Pull-down assay
For the GST pull-down assay between GST-FliM M and H. pylori lysate, H. pylori fliM-null strain was harvested and lysed by sonication in lysis buffer (20 mM HEPES pH 7.5, 137 mM NaCl, 27 mM KCl, 0.1 mM EDTA, 5% glycerol, 0.1% TWEEN 20, 10 mM DTT). The lysate was pelleted at 18 000 3 g for 10 min. The supernatant was incubated with glutathionine sepharose pre-immobilized with purified GST-FliM M . After binding at 48C for 3 h, the beads were washed three times using lysis buffer. Bound proteins were Structure-function studies of FliM-SpeE in H. pylori 699 analyzed on SDS-PAGE. A negative control experiment was set using GST protein. Similar procedures were applied for the pull-down assays studying interactions between GST-FliM M and SpeE, and SpeE mutants.
The effect of SpeE on the FliG-FliM M interaction was assessed by competitive pull-down assay. GST-FliM M was first immobilized on glutathione sepharose. After washing, equal molar ratio of purified FliG was added. Different concentrations of SpeE were pre-mixed with FliG so that the molar ratios of SpeE to GST-FliM M were 0:1, 1:1, 2:1, 5:1 and 10:1. After binding and washing, the results were analyzed by SDS-PAGE and Western analysis.
For the pull-down assay between SpeE and full length FliM, purified His-TF-FliM and His-SUMO-FliM were first immobilized on Ni-NTA beads. Control experiments were set using His-TF and His-SUMO. Purified SpeE was then added and incubated overnight. After washing, bound proteins were subjected to SDS-PAGE and immunoblotting using anti-SpeE antibody.
Mass spectrometry
Samples from GST pull-down assays were analyzed by SDS-PAGE. The extra bands were further identified by mass spectrometry. Briefly, the protein band was cut and de-stained. The protein band was further subjected to trypsin (Promega) digest at 308C overnight. The digested peptides were extracted by sonication and further analyzed by Bruker ultraflextreme MALDI-MS system. The obtained m/z pattern was searched against NCBInr database using MAS-COT search tool for protein identification.
Transmission electron microscopy
Flagellar formation of different H. pylori strains was checked under transmission electron microscope (TEM) using negative staining method. Wild type and speE-null strains were cultured in BB10 medium for about 2 days under microaerophilic environment. The cells were pelleted at 1700 3 g and washed by phosphate-buffered saline for three times. The sample was stained with 0.2% neutral phosphotungstic acid on a Formavar/Carbon coated grid (TED PELLA). Flagellation was examined under transmission electron microscope (Hitachi H-7650) at 80 kV.
Soft agar assay
Soft agar containing Brucella broth, 2.5% fetal bovine serum and 0.35% bacto agar was set on plates for 3 days. H. pylori G27 strain and speE-null mutant strain were cultured, harvested and re-suspended in BB10 medium. An aliquot of 0.5 ll sample was dotted into the soft agar. The plates were incubated under microaerophilic environment and the migration diameter was measured after 7 days.
Supplemented soft agar chemotaxis assay was performed as described (Sanders et al., 2013) . Attractant (10 mM Urea) and repellent (3.4 mM HCl) was individually added to the soft agar. Migration diameter of bacterial strains was measured after 7 days. Statistical significance was calculated by one-tailed Student's t-test, and results were significant for P < 0.01.
Swimming assay
Swimming behavior of H. pylori G27 wild type and speE-null strains was assayed as described (Lam et al., 2012) . In brief, bacterial strains were cultured in BB10 medium at an initial OD of 0.01 at 600 nm. When OD reached about 0.1, the cells were harvested. The swimming trajectories were recorded with phase contrast-inverted microscope (Olympus IX71). Ten-second videos at a frame rate of 15 frames s 21 and a resolution of 1360 3 1024 pixels were collected. The videos were imported into software ImagePro Plus to determine the tracks of the cells. Obvious bad tracks were manually discarded. The tracks were further truncated into four seconds. The truncated tracks were then exported into an Excel spreadsheet to get the X and Y positions of the cells at each frame. Fixed-time diffusion method Lam et al., 2012) was used to determine the diffusion coefficient which is related to the CW/CCW switching bias. Briefly, the (x(t), y(t)) data was subtracted by (x(0), y(0)) to shift the starting point to the origin. The coordinates were then translated into the polar coordinate form (r(t), h(t)) to get the distance from the origin. The mean square radius < R 2 (t) > for each time point of the cells was then calculated. By plotting log < R 2 (t) > against log(t), the diffusion coefficient a was determined according to the equation < R 2 (t) > 5 Dt a . Statistical significance was calculated by one-tailed Student's t-test, and results were significant for P < 0.01.
Crystallization of FliM M -SpeE complex
Protein complex of FliM M -SpeE was obtained through copurification using affinity chromatography and gel filtration chromatography as mentioned above. Purified protein sample was concentrated to 8 mg ml
21
. Crystallization experiments were performed using sitting drop vapor diffusion at 168C. Initial condition was obtained with 100 mM imidazole/ hydrochloric acid pH 8.0, and 1 M sodium citrate tribasic in Wizard screening kit after 3-4 days. The condition was further optimized with 100 mM ammonium sulfate from Additive Screen. The crystals were soaked in crystallization buffer containing 15% glycerol as cryoprotectant and were flash frozen in liquid nitrogen for data collection.
Data collection, structure determination and refinement
The 2.7 Å X-ray diffraction dataset for FliM M -SpeE complex was collected at 100 K at beamline BL13B1, National Synchrotron Radiation Research Center, Taiwan. The dataset was processed using the HKL2000 (Otwinowski and Minor, 1997) . The FliM M -SpeE crystal belongs to space group P6 1 with two complexes in per asymmetric unit. The structural solution was obtained by molecular replacement using FliM M (PDB ID: 4GC8) and SpeE (PDB ID: 2CMG) as search models in Phaser (McCoy et al., 2007) in Collaborative Computational Project, Number 4 (CCP4) suite (Winn et al., 2011) . Refinement and model building of the structure were performed by COOT and PHENIX (Emsley and Cowtan, 2004; Adams et al., 2010) . The surface electrostatic potential was calculated using PDB2PQR and APBS (Baker et al., 2001; Dolinsky et al., 2007) . Figures were prepared by molecular visualization program Chimera (Pettersen et al., 2004) . Statistics for data collection and refinement are summarized in Table 1 . The coordinates have been deposited in the RCSB PDB under the PDB code: 5X0Z.
Isothermal titration calorimetry
The thermodynamics of FliM M -SpeE interaction was measured by MicroCal iTC200 system (Malvern Instruments). FliM M (wild type) and SpeE (wild type, E14A, K105A) were purified as mentioned above in buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl. The concentration of FliM M and SpeE was adjusted to 504 lM and 107 lM respectively. FliM M protein was titrated into the cell containing SpeE in 20 injections at 258C with 2 min titration interval and 1000 rpm stirring speed. The first injection was 0.2 ll and remaining 19 injections were 2.0 ll. The obtained data was integrated and fitted with single-binding site model in the MicroCal Origin program.
Crosslinking and co-immunoprecipitation
Wild type H. pylori was first treated with in vivo crosslinker dithiobis[succinimidylpropionate (DSP, Lomant's Reagent) (Thermo Fisher Scientific) according to manufacturer's protocol and Stingl et al. (2008) . Briefly, H. pylori cells were harvested from plates and washed three times in lysis buffer without DTT (20 mM HEPES pH 7.5, 137 mM NaCl, 27 mM KCl, 0.1 mM EDTA, 5% glycerol, 0.1% TWEEN 20). DSP was added to a final concentration of 200 mg ml 21 and the mixture was incubated on ice for 5 min. The crosslinking reaction was quenched using 50 mM Tris buffer at pH 7.5. Treated cells were then lysed by sonication and cleared by centrifugation at 18,000 3 g for 10 min. The supernatant was further subjected to co-immunoprecipitation. In brief, 20 ml DynabeadsV R Protein G beads (Thermo Fisher Scientific) were washed three times by lysis buffer and mixed with 10 ml rabbit anti-FliM antibody at 48C for 2 h. The beads were washed three times to remove unbound antibody and further mixed with the cleared H. pylori cell lysate for 2 h at 48C. Negative control was set by mixing cell lysate with protein G beads without addition of anti-FliM antibody. After washing, 50 mM DTT was added to the beads to cleave the DSP cross-linked conjugates. The samples were then subjected to SDS-PAGE and immunoblotting using mouse anti-SpeE antibody. 
